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Objectives. This study sought to determine whether modest
short-term reductions in coronary flow can produce subsequent
proportionate reductions in myocardial function and O2 con-
sumption compatible with myocardial hibernation.
Background. Acute studies indicate that myocardial energy
utilization can be downregulated during moderate flow reduction.
Whether this apparently beneficial adjustment persists into the
reperfusion period is unsettled because most postischemic con-
tractile dysfunction has been presumed to represent stunned or
irreversibly injured myocardium.
Methods. Responses of regional myocardial function and O2
consumption were assessed in chronically instrumented dogs after
;50% reductions in flow for 2 h (n 5 8) or repeated 2-min total
coronary occlusions (n 5 6).
Results. When unrestricted perfusion was restored after sus-
tained partial occlusions, regional function and O2 consumption
stabilized at proportionate, systematically decreased levels
([mean 6 SEM] 80 6 3.1% and 81 6 5.1% of control values, both
p < 0.05) and then returned to control values within 24 h. Similar
proportionate reductions occurred after as few as five cycles of
brief total occlusion (79 6 5.1% and 83 6 1.6% of control values,
both again p < 0.05); these persisted with additional occlusions
and then returned to baseline values within 3 h. The absence of
irreversible injury was documented histologically in both series.
Sham animals (n 5 5) showed no changes in regional function or
O2 consumption throughout similar experimental periods.
Conclusions. Moderate decreases in coronary flow or repeated
brief coronary occlusions can be followed by proportionate revers-
ible reductions in regional systolic function and O2 consumption
compatible with the traditional definition of myocardial hiberna-
tion. These findings emphasize the complexity of myocardial
responses to flow restriction and call attention to limitations in
characterizing reversibly hypocontractile myocardium as simply
hibernating or stunned.
(J Am Coll Cardiol 1997;29:1623–31)
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Distinctions between myocardial stunning and hibernation
remain controversial. In both clinical and experimental set-
tings, myocardium that is viable but hypocontractile after an
episode of ischemia is usually characterized as stunned. The
reduction in contractile function is attributed to injurious
effects of ischemia or reperfusion, or both. Coronary flow is
presumed to have returned to a normal (or “near-normal”)
level, and the imbalance between flow and function is referred
to as a flow–function “mismatch.” Because coronary flow is
usually taken as a surrogate for myocardial O2 consumption,
the implication is that a similar “mismatch” occurs for O2
consumption and function.
In contrast to stunning, the concept of myocardial hiberna-
tion originated from clinical rather than experimental obser-
vations (1). Hibernation is considered to represent an adaptive
rather than injurious response, in which myocardial contractile
performance and O2 demand are downregulated in the setting
of a limited blood supply. It was originally proposed that the
reduced energy utilization was directly related to the reduction
in flow (i.e., that local flow reserve was exhausted under rest
conditions). Because this is not always the case (2–5), it has
alternatively been proposed that the downregulation of O2
demand is an adaptation designed to accommodate a limited
flow reserve, thereby reducing the likelihood of demand-
induced ischemia (6). In either case, myocardial O2 demand
and supply remain in balance, favoring myocyte viability.
Because coronary flow and myocardial function are decreased
proportionately, a normal “match” between flow and function
(or O2 consumption and function) is maintained.
Although stunning and hibernation are most frequently
distinguished on the basis of whether resting coronary perfu-
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sion is normal or reduced, measurements of coronary flow in
humans continue to be complex technically, with rather wide
confidence limits. Additional difficulties arise because areas of
hypocontractile myocardium supplied by stenotic coronary
arteries are subject to episodes of demand-induced ischemia.
Some investigators suggest that myocardium is maintained in a
hypocontractile state as a result of repeated episodes of
stunning (often clinically inapparent) and question the fre-
quency with which hibernation is clinically relevant. Con-
versely, others invoke the hibernation response to explain the
persistence of viable but hypocontractile myocardium in the
absence of clinically evident ischemia.
Experimentally, most studies of “stunned” myocardium
have used total coronary occlusions of sufficient duration to
produce postreperfusion dysfunction ranging from near-
akinesia to dyskinesia. Although the pronounced degree of
dysfunction has been consistent, corresponding values of cor-
onary flow and myocardial O2 consumption have been more
variable than often appreciated (7–18). Experimental studies
of reversibly hypocontractile myocardium (19–28) are further
complicated by findings in isolated and open chest prepara-
tions suggesting that beneficial metabolic adjustments occur
during less severe sustained flow reduction. These changes
have been referred to as “acute” or “short-term” hibernation
and have been taken to indicate that moderate reductions in
coronary flow trigger an acute downregulation of myocardial
O2 demand. However, it remains unclear whether this presum-
ably beneficial response persists after the restoration of unre-
stricted flow.
The present investigation was intended to test the hypoth-
esis that modest short-term reductions in coronary flow in the
intact, normally functioning heart can produce subsequent
proportionate reductions in regional myocardial systolic func-
tion and O2 consumption compatible with myocardial hiber-
nation. In view of the known limitations of acute instrumenta-
tion and open chest preparations (29,30), studies were
performed in chronically instrumented dogs. Initial studies
used sustained 2-hour reductions in regional flow sufficient to
reduce regional systolic shortening or wall thickening by
;50%. The modest degree of flow reduction minimized the
likelihood of overlooking an adaptive effect because of over-
riding myocardial stunning after reperfusion. Subsequent stud-
ies utilized repeated total coronary occlusions that were suffi-
ciently brief (2 min) to again avoid marked reductions in
function after reperfusion. Finally, to ensure that observed
changes resulted from the flow restrictions, sham-operated
animals were studied for similar periods without intervention.
Methods
Studies were performed in male and female mongrel dogs
using procedures and protocols concordant with the “Position
of the American Heart Association on Research Animal Use”
adopted by the Association in November 1984.
Experimental preparation. Nineteen dogs weighing 25 to
35 kg were instrumented after an overnight fast and a 3-week
period of on-site conditioning. After premedication with
Innovar-Vet (fentanyl, 0.4 mg/ml, and droperidol, 20 mg/ml,
1 ml intramuscularly), anesthesia was induced with methohexi-
tal (11 mg/kg body weight). After intubation and institution of
mechanical ventilation, a surgical plane of anesthesia was
maintained with a gas mixture of nitrous oxide (;60%),
oxygen (;40%) and halothane (1% to 2%). The operation was
performed under sterile conditions through a left thoracotomy.
Tygon catheters were placed into the left atrium and descend-
ing aorta. A micromanometer (Konigsberg Instruments P 6.5)
was inserted into the left ventricular cavity through the ven-
tricular apex. Bipolar pacing leads were sewn onto the left
atrial appendage. The proximal portion of the left circumflex
(LCx, n 5 14) or left anterior descending (LAD, n 5 5)
coronary artery was instrumented with a volumetric transit
time ultrasound flow probe (model 3RB [LCx] or model 2SB
[LAD], Transonic Systems Inc.) and a hydraulic occluder. A
small plastic catheter was introduced directly into the coronary
sinus (LCx dogs) or the great cardiac vein (LAD dogs). The tip
of coronary sinus catheters was positioned ;2 cm upstream of
the coronary sinus ostium. A 22-gauge angiocatheter con-
nected to small-bore tubing was inserted into the distal LCx or
LAD. Ultrasound crystal pairs were placed in the central
portions of the distributions of the LCx and LAD beds for
measurement of subendocardial segment length (n 5 15) or
wall thickness (n 5 4). Potential collateral flow into the region
of interest was limited by ligating visible epicardial anastomo-
ses between branches of the LCx and LAD. Any apical
connections between the anterior and posterior descending
coronary arteries were similarly interrupted. All catheters and
wires were exteriorized through the chest wall and placed in an
external jacket. The chest was closed and the pneumothorax
evacuated. Keflin (30 to 35 mg/kg intravenously or intramus-
cularly twice daily) was administered perioperatively, and
narcotic analgesia (buprenex, 0.01 to 0.02 mg/kg subcutane-
ously every 8 to 12 h) was given as needed for postoperative
discomfort. Catheters were flushed daily with heparin
(10,000 U/ml for the coronary artery catheters and 1,000 U/ml
for other catheters). Aspirin (325 mg orally) was given daily
beginning on the third postoperative day. Animals were al-
lowed to recover for 7 to 10 days before being studied in the
unanesthetized state.
Study procedures. Catheters used for pressure measure-
ment were connected to strain gauge transducers (Viggo-
Spectramed P23XL), with the zero reference level taken at
midchest. The strain gauges and the left ventricular (LV)
micromanometer were connected to transducer preamplifiers
(model 1147, Gould, Inc.). Ultrasound flow probes were
Abbreviations and Acronyms
LAD 5 Left anterior descending coronary artery
LCx 5 Left circumflex coronary artery
LV 5 Left ventricular
pCO2 5 partial pressure of carbon dioxide
pO2 5 partial pressure of oxygen
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connected to a Transonic model T-206 meter; the zero flow
level was established by momentary LCx or LAD occlusion.
Ultrasound crystal signals were processed using a Crystal
Biotech VF-1 sonomicrometer.
Hemodynamic and sonomicrometric data were monitored
continuously in analog (Vidco 516YT) and digital (DataFlow,
Crystal Biotech) form. Average values for individual variables
were calculated from digitized data sampled for 25 to 30 s at a
rate of 180 Hz. LV pressure was differentiated electronically.
For calculations of systolic segment shortening and wall thick-
ening, end-diastole was taken as the onset of positive LV dP/dt
and end-systole as 20 ms before peak negative dP/dt. The areas
of loops relating LV pressure to regional segment length or
wall thickness (an index of regional myocardial work)
(16,17,31) were also calculated on a beat to beat basis and
averaged for each 25- to 30-s period of data collection. Loop
areas were then subdivided into portions corresponding to
isovolumetric contraction, systolic ejection and any continued
postsystolic contraction (32). The rate–pressure product was
calculated from peak aortic pressure and heart rate. Blood
samples were analyzed for pH, partial pressure of CO2 (pCO2),
partial pressure of O2 (pO2) and O2 saturation using a standard
blood gas analyzer (model ABL-30, Radiometer, Inc.) and
hemoximeter (model OSM3, Radiometer, Inc.). Arterial and
coronary venous O2 contents were determined from O2 satu-
rations, blood hemoglobin levels and partial pressure of oxy-
gen, assuming hemoglobin to have an O2 capacity of 1.34 ml/g
and taking the solubility of O2 in blood as 0.0031 ml/mm Hg.
Myocardial O2 consumption was calculated as the product of
LCx or LAD flow and the arteriovenous difference in O2
content.
Histologic analysis. Animals were killed 1 to 2 weeks after
study with an overdose of sodium pentobarbital and potassium
chloride. In 11 animals, myocardial samples were taken from
regions near those used for ultrasound measurement of seg-
ment shortening or wall thickening and fixed in 10% neutral
buffered formalin. Thin sections were stained with Masson’s
trichrome stain to delineate connective tissue from myocytes.
Percent connective tissue staining was quantified with point-
counting techniques using a 400-point grid at a magnification
of 1003. At least four random fields were quantified and
averaged in each sample.
Experimental protocol. All animals were studied while
lightly sedated with Innovar-Vet and resting in a sling to which
they had previously been acclimated.
Initial studies in eight dogs used sustained 2-h reductions in
regional flow sufficient to cause an ;50% reduction in regional
segmental function. Partial occlusions were applied gradually,
by injecting saline into the hydraulic occluder in increments of
2 to 10 ml over ;20 min, until the desired level of segmental
function was reached. In six animals, during the sustained
occlusion, regional subendocardial blood flow (which, in the
presence of an aortocoronary pressure gradient, includes any
collateral flow as well as native arterial inflow) was quantified
in a 15.8 6 1.1-g central portion of the test bed using
fluorescent microspheres injected into the left atrium (33).
Arterial and coronary venous blood samples were collected at
baseline, at three intervals during occlusions and at four
intervals after reperfusion. Hemodynamic and sonomicromet-
ric data were recorded simultaneously with the blood samples.
To keep hemodynamic conditions constant, AAI pacing was
maintained throughout the studies at ;120 beats/min. In four
of the eight animals, baseline measurements were again re-
corded the following day. All eight animals had regional
segmental function documented on the day they were killed.
Subsequent studies, in six additional dogs, utilized 15 cycles
of 2-min total coronary occlusions, each separated by 8 min of
reperfusion. Arterial and coronary venous blood samples and
hemodynamic and sonomicrometric data were collected at
baseline, after 5, 10 and 15 cycles of occlusion and after a 2- to
3-h recovery period. Animals were again paced throughout the
study at 120 beats/min.
To ensure that observed changes resulted from the flow
restrictions, five similarly instrumented sham animals were
studied over the same experimental period without interven-
tion. Blood samples were collected and hemodynamic and
sonomicrometric data recorded at ;30-min intervals. Atrial
pacing at 120 beats/min was again used.
Data analysis. Results are presented as mean value 6
SEM. Changes in hemodynamic variables, loop areas and
myocardial O2 consumption during and after interventions, as
well as within the sham group, were analyzed using an analysis
of variance for repeated measures; post hoc comparisons were
performed using the Tukey test, with significance set at p ,
0.05. Comparisons between sham and experimental groups in
the reperfusion period were analyzed as a two-factor analysis
of variance with repeated measures. Differences between
connective tissue content in test and remote regions were
assessed using two-tailed paired t tests, with statistical signifi-
cance taken as p , 0.05.
Results
Sustained partial occlusions. Hemodynamic and func-
tional data from animals studied during and after 2-h partial
LCx (n 5 6) or LAD (n 5 2) occlusion are shown in Table 1
and Figures 1 and 2. Data from sham-operated animals are
included in Figure 2. Initial values of arterial pH, pCO2, pO2 and
hemoglobin averaged 7.38 6 0.01, 37 6 1.2 mm Hg, 91 6
2.2 mm Hg and 10.2 6 0.5 g/dl, respectively. Baseline coronary
venous pH, pCO2 and pO2 averaged 7.35 6 0.01, 45 6
2.4 mm Hg and 17 6 1.1 mm Hg, respectively. Baseline
full-thickness microsphere flows (n 5 6) averaged 1.30 6
0.33 ml/min per g with an inner/outer flow ratio of 1.37 6 0.12.
Regional systolic segment shortening and subendocardial mi-
crosphere flows during the partial occlusions were reduced to
52 6 4.5% and 50 6 3.7% of control values, respectively; the
inner/outer flow ratio decreased to 0.97 6 0.09.
When sustained partial occlusions were released, regional
function and myocardial O2 consumption stabilized at ;80%
of control levels after a brief period of hyperemia and re-
mained at these levels for the ensuing 2 h of observation (Table
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1). Data from an individual animal are shown in Figure 1 and
summary values for all eight animals in Figure 2. The degrees
of reduction in regional function and O2 consumption were
similar throughout the reperfusion period; values for function
averaged 80 6 3.1% of control values (p , 0.05 vs. both
control values and sham animals) and myocardial O2 consump-
tion 81 6 5.1% of control values (p also , 0.05 vs. control
values and sham animals). The reductions in O2 consumption
involved decreases in transmyocardial O2 extraction as well as
flow (Fig. 1, Table 1). Total LV pressure-segment function
loop areas were also reduced proportionately to O2 consump-
tion, averaging 77 6 4.4% of control values (p , 0.05);
contributions from postsystolic contraction and isovolumetric
stretching (3% to 6% of total area) did not differ significantly
from control values. Segmental function in areas remote from
those subjected to partial occlusion increased slightly during
occlusion and fell slightly below initial levels (and the levels
seen in sham animals) after reperfusion (Table 1). LV
pressure-segment function loop areas also did not change
significantly in these regions.
Table 1. Hemodynamic and Oxygen Consumption Data for Dogs Undergoing Sustained Partial Occlusions
Baseline
During Partial Occlusion (min) Reperfusion (min)
19 6 2.0 53 6 3.8 98 6 2.4 19 6 1.6 50 6 3.7 88 6 3.5 121 6 2.7
Peak Ao pressure (mm Hg) 116 6 3.4 115 6 3.0 117 6 3.6 114 6 3.0 115 6 4.2 115 6 4.0 114 6 3.3 114 6 3.2
Mean Ao pressure (mm Hg) 102 6 3.6 103 6 3.2 103 6 3.3 102 6 2.8 102 6 4.2 101 6 4.2 102 6 3.4 101 6 3.4
Mean coronary pressure
(mm Hg)†
95 6 4.9 39 6 3.3* 37 6 3.3* 38 6 3.6* 96 6 6.5 93 6 6.1 95 6 4.7 94 6 4.9
Heart rate (beats/min) 125 6 4.2 129 6 4.3 130 6 4.8 133 6 5.4 127 6 3.7 128 6 3.6 127 6 4.8 128 6 4.9
LV dP/dt (mm Hgzs21) 2,119 6 97 2,119 6 43 2,152 6 47 2,084 6 59 2,054 6 91 2,061 6 100 2,075 6 129 2,116 6 124
Rate–pressure product 3
103 (mm Hgzbeats/min)
14.6 6 0.8 14.9 6 0.4 15.1 6 0.5 15.1 6 0.6 14.6 6 0.6 14.6 6 0.6 14.5 6 0.6 14.6 6 0.7
Seg Fx
Test area (%) 14.0 6 1.7 8.5 6 1.0* 7.2 6 1.1* 7.9 6 1.4* 11.0 6 1.1* 11.2 6 1.2* 11.1 6 1.2* 10.5 6 1.0*
Remote area (%)‡ 14.1 6 2.2 15.0 6 2.2 14.9 6 2.1 14.3 6 2.2 13.5 6 2.1 13.4 6 2.1 13.2 6 2.1 13.2 6 2.0
Test area flow (ml/min)§ 37 6 6.6 14 6 5.5* 15 6 6.9* 17 6 6.5* 33 6 6.5 36 6 6.8 34 6 6.1 33 6 6.4
(A-V) O2 (ml/100 ml) 9.9 6 0.6 10.4 6 0.5* 10.6 6 0.5* 10.3 6 0.4* 8.9 6 0.5 8.6 6 0.6 8.5 6 0.6* 8.5 6 0.5*
MV˙O2 (ml/min) 3.49 6 0.5 2.93 6 0.5* 2.97 6 0.5* 2.76 6 0.5* 2.73 6 0.5*
*p , 0.05 versus baseline. †n 5 6. ‡n 5 7. §Measurements during occlusion do not include collateral flow. Data presented are mean value 6 SEM. Ao 5 aortic;
A-V 5 arteriovenous; LV dP/dt 5 first derivative of left ventricular pressure (peak value); MV˙O2 5 myocardial oxygen consumption; Seg Fx 5 segmental function
(systolic segment shortening or wall thickening).
Figure 1. Data from a single animal during and after a 2-h partial left
circumflex (LC) coronary occlusion. Each point for segment shorten-
ing (SS) and LCx flow represents a 12- to 15-s average of data
continuously digitized at a sampling rate of 180 Hz. The degree of
occlusion was chosen to reduce LCx segment shortening by ;50%.
LCx inflow measurements are not shown during occlusion because of
their inability to include collateral flow that occurs when an aortic–LCx
pressure gradient is present. LCx segment shortening and LCx flow are
both reduced by 20% to 25% in the reperfusion period. Arteriovenous
(A-V) O2 extraction increases during the period of partial occlusion
but falls below its initial value in the reperfusion period, further
decreasing myocardial O2 consumption (MV˙O2).
Figure 2. Summary data for five sham animals and eight instrumented
animals studied with 2-h partial coronary occlusions. Regional segmen-
tal function (Seg. Fx.) is reduced to 53% to 62% of control values
during sustained partial occlusions. After restoration of unrestricted
flow, segmental function and myocardial O2 consumption (MV˙O2) are
reduced proportionately, averaging 77% to 82% and 78% to 83% of
control values, respectively. Results shown are mean value 6 SEM.
*p , 0.05 versus control values. †p , 0.05 versus sham animals.
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Values of regional function and O2 consumption from sham
animals studied for similar experimental periods showed no
systematic change (Fig. 2).
In the four animals that had baseline measurements avail-
able 24 h after sustained partial occlusion, all variables had
returned to preintervention levels (i.e. O2 consumption and
segment shortening averaged 99 6 9.9% and 101 6 11.5% of
preocclusion values). Similarly, for the entire group of animals,
segmental function on the day of euthanasia was unchanged
from baseline, averaging 102 6 12.5% of preocclusion values.
Repeated brief occlusions. Data from animals studied with
repeated 2-min total coronary occlusions (5 LCx and 1 LAD)
are shown in Table 2 and Figures 3 (individual animal) and 4
(summary of six animals). Initial values of arterial pH, pCO2,
pO2 and hemoglobin averaged 7.38 6 0.01, 39 6 1.3 mm Hg,
91 6 1.9 mm Hg and 9.7 6 0.7 gm/dl, respectively. Baseline
coronary venous pH, pCO2 and pO2 averaged 7.35 6 0.01, 45 6
2.4 mm Hg and 18 6 2.0 mm Hg, respectively. Segmental
function became akinetic during each occlusion; mean coro-
nary pressure during occlusions was similarly stable at 20 to
25 mm Hg.
After as few as five occlusions, segmental function and O2
consumption were decreased systematically during reperfu-
sion, averaging 79 6 5.1% and 83 6 1.6% of control values
(p , 0.05 in both cases). The reductions persisted with
additional occlusions, averaging 81 6 5.5% and 78 6 3.2% of
control values (p also , 0.05 in both cases) 12 6 1.3 min after
the 15th occlusion (Fig. 4). Reductions in O2 consumption
resulted predominantly from decreases in regional flow, which
averaged 84 6 2.8% of control values after five occlusions and
81 6 2.3% after 15 occlusions (p , 0.05 in both cases). All
variables returned to preintervention values within 3 h (132 6
19 min) after the final occlusion.
Histologic analysis. The extent of connective tissue did not
differ significantly in the test (6.8 6 0.4%) and remote (5.9 6
0.3%) areas of the left ventricles of the 11 experimental
animals in which histologic studies were performed.
Discussion
This study demonstrates that moderate decreases in coro-
nary flow or repeated brief coronary occlusions in intact dogs
induce proportionate reductions in regional myocardial func-
tion and O2 consumption that persist after these interventions
and are not associated with irreversible myocardial injury. The
reductions become apparent after as few as five 2-min occlu-
sions and highlight the complexity of responses to flow restric-
tion in studies of myocardial stunning and hibernation.
Table 2. Hemodynamic and Oxygen Consumption Data for Dogs Undergoing Repeated Total Coronary Occlusions
Baseline
After 2-min Occlusions
Recovery†5th Occl 10th Occl 15 Occl*
Mean Ao pressure (mm Hg) 96 6 6.1 97 6 5.5 96 6 4.4 95 6 5.8 98 6 5.1
Peak Ao pressure (mm Hg) 110 6 6.0 109 6 5.7 107 6 4.7 107 6 6.1 111 6 5.1
Heart rate (beats/min) 117 6 3.5 116 6 3.0 121 6 2.3 120 6 5.4 124 6 3.0
LV dP/dt (mm Hgzs21) 2,153 6 158 1,979 6 136 2,043 6 176 2,016 6 159 2,277 6 144
Rate–pressure product 3 103
(mm Hgzbeats/min)
12.6 6 1.2 12.4 6 1.0 12.8 6 0.8 12.8 6 1.4 13.5 6 1.0
Seg Fx
Test area (%)§ 14.5 6 2.1 11.2 6 1.5‡ 11.8 6 1.9‡ 11.4 6 1.3‡ 14.1 6 1.8
Remote area (%) 15.8 6 2.9 16.4 6 2.8 15.8 6 2.6 15.6 6 3.2 15.9 6 4.1
Test area flow (ml/min) 52 6 8.6 44 6 8.8‡ 44 6 9.4‡ 43 6 8.1‡ 48 6 8.4
(A-V) O2 (ml/100 ml) 9.1 6 0.7 9.0 6 0.7 9.1 6 0.6 8.7 6 0.6 9.3 6 0.5
MV˙O2 (ml/min) 4.58 6 0.7 3.84 6 0.6‡ 3.95 6 0.8‡ 3.62 6 0.7‡ 4.42 6 0.8
*Measurements made 12 6 1.3 min after the 15th occlusion (Occl). †Time required for segmental function to return to its baseline value averaged 132 6 19 min.
‡p , 0.05 versus baseline. §n 5 5. Data presented are mean value 6 SEM. Other abbreviations as in Table 1.
Figure 3. Data from a single animal studied with fifteen 2-min total
left circumflex (LC) coronary occlusions applied at 10-min intervals.
Each point for segment shortening (SS) and LCx flow again represents
a 12- to 15-s average of data continuously digitized at a sampling rate
of 180 Hz. A brief reactive hyperemia occurs when each occlusion is
released; LCx segment shortening and LCx flow then stabilize until the
next occlusion is applied. Both LCx segment shortening and LCx flow
fall below control levels after the first few occlusions and remain below
control values when occlusions are terminated. Measurements of
myocardial O2 consumption (MV˙O2) after the fifth, tenth and fifteenth
occlusion are similarly decreased. A-V 5 arteriovenous.
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Features of experimental preparation. Because this study
was performed in chronically instrumented animals, potentially
confounding effects of thoracotomy and acute instrumentation
were avoided. It has now been established (29,30) that for any
given degree and duration of reversible ischemia, the severity
of postreperfusion dysfunction is substantially greater in open
chest or isolated heart preparations than in chronically instru-
mented animals. In addition, the usual close correspondence
between coronary flow and myocardial O2 consumption may
not apply in open chest and isolated heart preparations, which
often demonstrate a progressive loss of normal autoregulation.
The 2-h duration of partial flow reduction in the initial
series of studies was selected on the basis of investigations
(19,22,23,25,26) demonstrating that signs of myocardial isch-
emia abate during partial reductions in coronary flow sustained
for this period. The gradual induction of flow reduction (over
23 6 3.7 min) presumably facilitated these adaptations (28,34).
The values of mean coronary pressure recorded during the
two h of partial flow reduction indicate the stability of the
ischemic stimulus.
The 2-min total occlusions in the second series of studies
were briefer than in previous studies using total occlusions and
reperfusion and thereby avoided marked reductions in myo-
cardial function after reperfusion. They also allowed the time
course of reductions in O2 consumption to be examined more
closely than in the initial studies. In addition, because values of
segmental function and distal coronary pressure during occlu-
sions remained stable, we do not consider that the opening of
collateral vessels played a significant role in our observations.
Small but systemic reductions in transmyocardial O2 extrac-
tion followed sustained partial flow reductions but were not
regularly present after repeated brief occlusions. The heart’s
“preference” to extract less O2 after sustained partial occlusion
indicates a reduction in the tightness with which myocardial
flow and metabolic demand are usually assumed to be coupled.
Indeed, because coronary sinus blood samples included admix-
ture from the LAD bed, the degree to which regional O2
consumption was reduced after sustained partial LCx flow
reduction may have been underestimated slightly. Changes in
O2 extraction during reperfusion represent a potential limita-
tion of using coronary flow as a surrogate for myocardial O2
consumption in studies of this type.
As documented histologically and functionally, ischemic
stimuli in both series were insufficient to produce irreversible
injury (i.e., the interpretation of flow and function data after
reperfusion was not complicated by effects of permanently
damaged tissue).
Acute or short-term hibernation. Several studies in open-
chest preparations indicate that metabolic indexes of ischemia
abate (19,22,23,25,26), and phosphocreatine is regenerated
(22,23,25,27) during sustained partial reductions in coronary
flow. This response has been referred to as acute or short-term
hibernation. In 1988, Fedele et al. (19) reported that transmyo-
cardial lactate production, decreases in venous pH and in-
creases in venous pCO2 clear during the first hour of a 3-h 50%
reduction in subendocardial flow in closed chest pigs. More
recently, Pantely et al. (22) and Arai et al. (23) have reported
that initial tissue lactate accumulation and reductions in sub-
endocardial phosphocreatine clear within 1 h during similar
degrees of sustained flow reduction in pigs. When these
investigators (23) superimposed rapid pacing on the flow
reduction, lactate production and phosphocreatine depletion
recurred, supporting the concept that the continuing reduction
in contractile function during flow restriction was not due
entirely to an energetic deficit. Similarly, Schulz et al. (25) have
demonstrated attenuated signs of ischemia and a recruitable
inotropic reserve at the expense of metabolic recovery during
moderate flow restriction in open chest pigs. Schaefer et al.
(35) have identified possible bases for changes in creatine
kinase flux contributing to the recovery of phosphocreatine
during sustained flow reduction. Furthermore, metabolism and
regional function have been shown (36,37) to remain stable for
up to 5 h without evidence of infarction.
These observations have been taken to indicate that a
sustained moderate reduction in coronary flow triggers a
downregulation of myocardial contractile activity and O2 de-
mand (i.e., “hibernation”), thereby achieving a better supply/
demand balance, favoring myocyte viability. The present study
indicates that these reductions in myocardial metabolic
demand persist for at least a few hours after restoration of
unrestricted flow.
It has recently been suggested (28,34) that if blood flow is
reduced to the same degree gradually rather than abruptly, the
downregulatory process appears to develop with minimal
metabolic evidence of ischemia. In this regard, studies in
isolated hearts from three laboratories suggest that coronary
flow, myocardial O2 consumption and contractile performance
can be reduced to a modest degree without ischemia develop-
ing. Marshall (20) found in rabbit hearts that developed
Figure 4. Summary data for six animals studied with repeated 2-min
total coronary occlusions. Segmental function (Seg. Fx) and myocar-
dial O2 consumption (MV˙O2) are decreased systematically in relation
to control values after as few as five occlusions. These reductions
persist with additional occlusions and remain proportionately de-
creased after the total of 15 cycles. All variables return to preinter-
vention values within 3 h (132 6 19 min) after the final occlusion.
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pressure and O2 consumption decreased progressively with
flow reduction, whereas tissue lactate and high energy phos-
phate levels remained normal until flow was reduced by .50%.
Kitakaze and Marban (21) reported in ferret hearts that
modest reductions in perfusion pressure (and therefore flow)
cause reductions in developed pressure and the intracellular
calcium transient without a decrease in intracellular pH or an
increase in tissue lactate or inorganic phosphorus concentra-
tion. Similarly, Keller and Cannon (24) found that mild
reductions in coronary flow in rat hearts produce proportion-
ate reductions in O2 consumption and contractile perfor-
mance, with only slight reductions in creatine phosphate and
insignificant lactate production. The concept that oxidative
metabolism can, within limits, be coupled to coronary flow to
maintain energy balance, also derives from the so-called Gregg
effect (38) and could involve autocrine/paracrine effects of
substances generated locally in proportion to flow or shear
stress.
Stunned versus hibernating myocardium. The character-
ization of myocardium that is viable but hypocontractile after a
period of flow limitation as stunned or hibernating has usually
been made on the basis of whether coronary flow (and
presumably myocardial O2 consumption) is normal or reduced
after the restoration of unrestricted flow. However, available
studies of “stunned” myocardium have given more variable
results for flow and O2 consumption than is often appreciated
(Fig. 5). In an early study in conscious dogs, Heyndrickx et al.
(7) reported subnormal levels of flow for up to 1 h after the
onset of reperfusion, whereas Laxson et al. (14) and Dean et al.
(15) found flow and O2 consumption to be unchanged. In open
chest dogs, Stahl et al. (12) also reported coronary flow and
myocardial O2 consumption to be essentially unchanged in the
setting of near akinesia, whereas Vinten-Johansen et al. (16)
found O2 consumption to be decreased by ;45% in the setting
of dyskinesia. Also studying open chest dogs, Schaper et al.
(11) reported decreases in O2 consumption and regional
shortening averaging 30% and 50%, respectively. However,
reductions in O2 consumption were less clear, and decreases in
regional function more pronounced, in open chest pigs in the
same laboratory (11). While also studying open-chest pigs,
McFalls et al. (17) observed reductions of ;30% in O2
consumption and ;60% in segment shortening after two
10-min total coronary occlusions but found more concordant
reductions of ;40% in regional O2 consumption and function
after one to three 5-min partial occlusions (10). A limited
number of measurements made during open chest studies
directed at other issues (8,9,13) have also given variable
results.
Characterization of the reversibly hypocontractile myocar-
dium in the present study as “hibernating” or “stunned”
remains problematic. The proportionate reductions in myocar-
dial O2 consumption and function fit the usual definition of
hibernation. They are consistent with the concept that the
heart has an inherent but limited ability to downregulate
metabolic activity beneficially in response to flow restriction
(20,21,24) and that stunning results when more severe degrees
of flow reduction exceed this limit and cause transient myo-
cardial injury. Although our study does not define the bounds
of such a limit, this scenario could explain much of the
variability in the studies summarized here and in Figure 5.
Findings in individual studies would represent the net result of
beneficial hibernation responses and injurious stunning re-
sponses, with reductions in function becoming disproportion-
ate to changes in O2 consumption when the degree of flow
limitation is severe enough to cause stunning (i.e., to over-
whelm beneficial adaptive processes).
An alternative possibility is that the proportionate reduc-
tions in myocardial function and O2 consumption that we
observed represent an oxygen-sparing effect of reversible isch-
emic injury to the contractile process that is milder in degree
than in previous studies of stunning. In this case, even though
the “mismatch” of O2 utilization and function that is accepted
as the defining criterion for stunning is not present, the
response underlying the proportionate reductions could be
similar but less pronounced than that causing stunning when
flow restriction is more marked.
It may be of interest in this latter regard that myocardial
flow and O2 consumption appear most clearly mismatched with
regional shortening or thickening when postreperfusion func-
tion is reduced severely. Although the basis for a paradoxically
high level of O2 consumption remains unsettled, Gayheart et
al. (39) and Buxton et al. (40) have suggested that it could
Figure 5. Values of regional function (as measured by segment
shortening [SS] or wall thickening [WT]) and myocardial O2 consump-
tion (MV˙O2) after reperfusion from the present study and published
reports presumed to represent “stunned” myocardium. Open circle 5
baseline situation, with both regional function and myocardial O2
consumption normalized to a value of 100%; solid circle 5 average
findings (61 SEM) from the present study after the restoration of
unrestricted flow; solid squares 5 average values of regional function
and myocardial O2 consumption after reperfusion for the references
shown by the numbers next to the squares. References 10 and 13
utilized partial occlusion protocols, whereas the rest of the included
studies used total coronary occlusions of varying number and length.
With the exception of reference 14, which used chronically instru-
mented awake dogs, all other studies used anesthetized open chest
animal preparations.
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relate, at least in part, to passive systolic stretch (i.e., to energy
expended to counteract the distending effect of overall ventric-
ular contraction). Additional recent studies indicate that
reperfused “stunned” myocardium performs more total re-
gional work than is appreciated from measurements of systolic
shortening alone. After four 12-min coronary occlusions in
open chest pigs, Vinten-Johansen et al. (16) found that
changes in myocardial O2 consumption (44% decrease from
baseline) were more proportional to decreases in regional
work calculated from pressure-segment length loops (67%)
than to decreases in systolic segment shortening (119%). Also
using pressure-segment length loop areas as a measure of
regional work, McFalls et al. (17) likewise found that the total
energy expended during mechanical contraction in stunned
myocardium is higher than expected from systolic segment
length changes. More recently, Chiu et al. (18) suggested that
asynchrony between force development and regional shorten-
ing in stunned myocardium decreases systolic work to a greater
degree than total positive work and that the latter exerts the
dominant influence on regional O2 consumption. In the
present study, changes in the ejection phase of pressure-
segment function loop areas corresponded with those of
regional function and O2 consumption after restoration of
unrestricted flow. The absence of increases in postsystolic
contraction and isovolumetric stretching after reperfusion may
have contributed to the proportionate nature of our changes in
regional function and O2 consumption, as contrasted with the
variable, often disproportionate changes in previous studies.
In any event, as increasingly varied and complex responses
to flow restriction continue to be identified, limitations of the
dichotomous characterization of hypocontractile myocardium
as “hibernating” or “stunned” are increasingly apparent.
Possible relation to preconditioning. The present findings
could also bear on the phenomenon of preconditioning. Early
studies from Murry et al. (41) established that energy metab-
olism is slowed, resulting in reductions in adenosine triphos-
phate consumption and lactate production during sustained
ischemia initiated within the first 2 h of an ischemic precondi-
tioning stimulus in open chest dogs. More recently, Van Wylen
(42) confirmed that preconditioning reduces the rate of lactate
accumulation during prolonged ischemia in dogs. Kida et al.
(43) and Miyame et al. (44) have demonstrated that ischemic
preconditioning preserves phosphocreatine levels and intracel-
lular pH as well as adenosine triphosphate during subsequent
sustained ischemia in open chest pigs. These findings support
the initial hypothesis of Murry et al (41) that the protective
effect of a preconditioning stimulus ultimately involves a
reduction in energy demand and metabolism during the sub-
sequent ischemic period. The possibility that metabolic de-
mand is downregulated after a preconditioning protocol (be-
fore sustained ischemia) has been thought unlikely because
reduced contractile function after a preconditioning stimulus
has usually been assumed to represent stunned myocardium
accompanied by a paradoxically high level of demand. Our
data, which include proportional reductions in myocardial
metabolism and function after as few as five 2-min coronary
occlusions (presumed to be a mild preconditioning stimulus in
dogs), are consistent with the possibility that a transiently
downregulated energy demand is one of the factors influencing
classic preconditioning. Such an effect seems less likely to be
involved in the so-called second window of protection, which
seems to involve a multifactorial stress response (45) that
reduces the effects of ischemia 24 to 48 h (rather than 1 to 2 h)
after the initial stimulus.
Summary. Proportionate reversible reductions in regional
myocardial systolic function and O2 consumption compatible
with the traditional definition of myocardial hibernation can be
produced acutely in chronically instrumented dogs by sus-
tained moderate reductions in coronary flow or repeated brief
coronary occlusion. The reductions persist for a few hours after
the restoration of unrestricted flow and appear, at least in part,
to explain the variability of coronary flow and myocardial O2
consumption in experimental studies of more pronounced
postreperfusion systolic dysfunction (i.e., myocardial stun-
ning). These findings emphasize the complexity of myocardial
responses to flow restriction, some of which may be beneficial
rather than injurious, with the net result that individual studies
often include elements of both hibernation and stunning as
traditionally defined.
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